subsequent active extensions, but the effect is larger for distal than for proximal flexor motor 48 neurons, and varies with the strength of flexor activation. We conclude that passive properties 49 of a lightweight limb make substantial and complex contributions to the resting state of the 50 limb which must be taken into account in the patterning of neuronal control signals driving its 51 active movements. Low variability in the effects of the passive forces may permit the nervous 52 system to accurately predict their contributions to behaviour. 53 54 INTRODUCTION 
55
To understand how animals generate coordinated movements it is necessary to account 56 not only for the neuronal signals that drive muscles, but also for biomechanical properties of 57 the body. In animals with relatively heavy limbs -humans, for example -limb posture is 58 influenced strongly by gravity so that in the absence of active muscle contractions, the limbs 59 hang downwards to the extent permitted by the constraints of joint rotations. The situation can 60 be very different for small vertebrates and insects, however, where passive forces intrinsic to 61 the very light limbs can be larger than the force exerted by gravity (Hooper et al. 2009 ). In the 62 absence of active muscular contractions, such limbs can assume a gravity independent resting 63 position governed by these internal passive forces. A biomechanical model of the femur-tibia 64 (FT) joint of a locust metathoracic (hind) leg (Zakotnik et al. 2006 ) predicted that passive 65 forces acting at this joint could be as large as active forces generated by muscular 66 contractions, and in locusts carrying out aimed scratches, some limb movements are indeed 67 driven solely by such passive forces (Page et al. 2008) . The actions of passive forces acting on 68 a limb joint are defined by the joint anatomy and by the biomechanical properties of the 69 structures giving rise to the forces, which may include muscles, tendons, surrounding soft 70 tissues and the cuticle of the joint itself. 71
We have analysed the actions of passive forces on the FT joint of a locust hind limb, 72 which is a particularly well characterized invertebrate model system for movement control 73 (review: Burrows, 1996) . We sought to determine how the resting state of this limb joint is 74 affected by prior stretch and compression of the two antagonistic muscles acting on it, and 75 how the resting state can be shifted by prior motor neuron activity. Moreover we sought to 76 determine whether the different walking postures of isolated solitarious locusts and gregarious 77 (swarming) locusts (Blackburn et al. 2010 ) is driven by a change in the resting state of the 78 limb. 79
The tibia of the locust hind leg is articulated to the femur at a hinge joint (the FT joint) 80 which rotates in a single plane. The tibia is extended and flexed about the joint by 81 contractions of the two antagonistic muscles: the extensor and the flexor tibiae muscles. Both 82 have a pinnate structure, but the extensor tibiae muscle has a cross sectional area that is 88% 83 larger than that of the flexor tibiae muscle, and it has five times the mass 84 Page 4 femur (Heitler's lump: Heitler, 1974 ) that alters the angle of pull in a further non-linearity. 89 The result of these properties is that the smaller and weaker flexor muscle gains a mechanical 90 advantage over the more powerful extensor muscle at flexed FT angles (Heitler, 1977) . This is 91 particularly important in the generation of kicking and jumping behaviours for which the large 92 hind leg is specialised (Burrows, 1996) , but necessarily affects all movements of the tibia, 93
including those made during walking and scratching for example. These mechanical 94
properties of the joint and tendons must also affect how passive forces originating in the 95 muscles are transferred to the tibia. 96
Locusts show remarkable plasticity in many aspects of morphology and behaviour in their 97 transition from solitarious individuals to gregarious swarming pests (e.g., Pener and Simpson, 98 2009 ). One aspect of this is a change in walking posture in which the hind leg tibia is 99 characteristically held more flexed in solitarious than in gregarious locusts. This is driven in 100 part by changes in motor activity (Blackburn et al. 2010 ) , but it is not known whether there 101 are also changes in muscles, tendons, limb joints or the passive forces acting on them. 102
The extensor and flexor tibiae muscles are innervated by excitatory and inhibitory motor 103 neurons, as well as modulatory dorsal unpaired median (DUM) neurons. The cell bodies and 104 input branches of all these cells lie within the metathoracic ganglion of the ventral nerve cord 105 (Burrows, 1996) and their axons reach the leg muscles through leg nerves 3 or 5 (Hoyle, 106 1955; Sasaki and Burrows, 1998) . 107
The extensor tibiae muscle is innervated by only one fast motor neuron, the fast extensor 108 tibiae (FETi), and one slow motor neuron, the slow extensor tibiae (SETi), as well as one 109 common inhibitory neuron (CI 1 ; Hoyle, 1955 Hoyle, , 1978 . Spikes in FETi generate large excitatory 110 junction potentials in fast extensor tibiae muscle fibers and evoke strong muscle contractions. 111 A single FETi spike is thus sufficient to elicit a large and rapid extension of the tibia. SETi 112 spikes, on the other hand, elicit relatively small excitatory junction potentials in slow muscle 113 fibers and thus evoke smaller and slower contractions (Hoyle, 1955; Burns and Usherwood, 114 1979) . Single SETi spikes do not generally elicit visible tibial movements, but trains of SETi 115 activity at frequencies of 10 spikes/s or more produce smoothly graded slow extensions 116 (Hoyle, 1955) . CI 1 modulates and inhibits the effects of SETi (Usherwood and Grundfest, 117 1965) , increases the relaxation rate of the extensor tibiae muscle so that there is less residual 118 tension, and thus promotes faster cyclic movements (Pearson, 1973; Wolf, 1990) . In addition 119 to neurogenic contractions driven by SETi or FETi, particular extensor tibiae muscle fibers 120 also express an intrinsic myogenic rhythm that leads to slow, small amplitude tibial The flexor tibiae muscle is smaller and weaker than the antagonistic extensor tibiae 123 muscle in the legs of many Orthoptera, and yet it is innervated by more motor neurons 124 (Dresden and Nijenhuis, 1958; Phillips, 1980; Storrer et al. 1986; Debrodt and Bässler, 1989; 125 Sasaki and Burrows, 1998) . In the locust Schistocerca gregaria it is innervated by at least 126 nine excitatory motor neurons that have been categorised as slow, intermediate or fast 127 according to their different properties, as well as two common inhibitors (CI 2 and CI 3 ). 128 Different combinations of flexor tibiae motor neurons, and thus muscle fibres, can be 129 recruited in different behaviours (Hoyle, 1964; Duch and Pflüger, 1995; Bässler and Stein, 130 1996; Nishino, 2003; Page et al. 2008). 131 When animals perform cyclic limb movements like those underlying scratching, walking 132 or stridulating, antagonistic muscles acting on the limb segments are generally activated by 133 alternating patterns of activity. In insects, it is possible to record much of the underlying 134 motor activity using electromyographic (EMG) recording techniques in behaving animals 135 (e.g., Elsner, 1975, Cruse and Schmitz, 1983; Page et al. 2008; Rosenbaum et al. 2010) . Even 136 so, it is difficult to determine the influence of residual muscle forces on subsequent 137 movements in this situation because: (a) it is not always possible to be sure that all motor 138 activity is recorded; (b) antagonistic motor activity may overlap; (c) the movements may be 139 complex in 3D space, thus giving rise to complex interactions with gravity as well as joint 140 interaction torques; and (d) the limbs may make contact with external objects. To overcome 141 these limitations we selectively stimulated individual flexor tibiae motor neurons or particular 142 subsets of them in denervated legs in which we had control over all motor activity. We 143 focussed on the planar movements of the FT joint in legs oriented so as to avoid the influence 144 of gravity or contact with other objects. 145
We show that the resting posture is dominated by passive forces in the large extensor 146 muscle, and that there is no difference between the resting postures of solitarious and 147 gregarious locusts. Activity in FETi that elicited large twitches of the tibia shifted very 148 consistently, but did not reset, the resting state. Instead, we suggest that the myogenic rhythm 149 might provide a resetting mechanism. Residual flexor tibiae muscle forces influence 150 subsequent active extensions in a predictable and reliable fashion, which is remarkably similar 151 across animals. Activation of different flexor motor neurons has different effects on 152 subsequent extension movements, thus providing a mechanism that could tune joint stiffness. 153
We conclude that the neuronal control of locust limb movements must take into account the 154 substantial and time-varying passive forces and residual muscle forces acting on the joints. crowded laboratory culture at the University of Leicester. The animals were kept under a 159 12:12h light/dark cycle with 36°C daytime and 25°C nighttime temperatures. Experiments 160 were conducted at room temperature, between 23 and 25°C. Some experiments were repeated 161 with solitarious locusts obtained from a culture at the University of Cambridge, UK (Rogers 162 et al. 2010) . Prior to experiments, solitarious locusts were kept isolated under the same light 163 and temperature conditions as described above for gregarious animals. 164
Measurements of the resting angle of the femur-tibia joint in isolated hind legs 165
The hind legs of 17 adult locusts (4 male and 3 female gregarious; 5 male and 5 female 166 solitarious) were cut off at the mid-coxa level and the resting angle of the femur-tibia joint 167 measured under different conditions. The leg was mounted medial side down in modelling 168 clay so that the tibia was free to move in the horizontal plane, thus removing the effects of 169 gravity, and photographed from above using a Basler A602fc -2 camera. The images (656 x 170 490 pixels) were saved in bitmap format and opened in Corel Draw. The main axis of the 171 femur was defined as the line connecting the middle of the widest proximal part of the femur 172 with the middle of the thinnest distal part of the femur. The main axis of the tibia was defined 173 as the midline of the relatively thin and cylindrical tibia. The outer angle between the two 174 axes was measured to the nearest degree in Corel Draw. For every animal, the resting angle of 175 the FT joint was measured 10s after a manually imposed full extension of the tibia and again 176 10s after a manually imposed full flexion. The fully extended or fully flexed position was held 177 for a maximum of 1s in all cases, but this duration was not recorded. After that, either the 178 flexor tibiae or the extensor tibiae muscle tendon was cut at the point of attachment to the 179 tibia so that the remaining stump did not drag against other tissues of the femur, and the 180 measurement was repeated. Both legs of each animal were used, with the flexor muscle 181 tendon being ablated in one leg, and the extensor muscle tendon being ablated in the other. 182
Each leg thus yielded only two measurements, one of the resting angle under control 183 conditions, and the other following the ablation of a muscle. 184
Stimulating FETi and flexor tibiae motor neurons in the muscle 185
Adult female locusts were fixed ventral side up on a modeling clay platform; the right 186 hind leg was glued medial side down onto a metal platform underlying the distal femur using 187 quick setting glue (5 min epoxy, Araldite, Huntsman Advanced Materials, Texas, USA). The Page 7 three proximal leg joints were fixed to the thorax with Araldite. The tibia protruded over the 189 edge of the platform so that it could move freely in a horizontal plane. Distally, the tibia was 190 attached to a small metal hook which in turn was attached to a force transducer (300C, Aurora 191 Scientific Inc. Aurora, Canada). The axon of FETi runs through nerve 5, whereas the axons of 192
SETi and CI 1 run through nerve 3 (Hoyle, 1955 (Hoyle, , 1978 Burns and Usherwood, 1979) . All of 193 the excitatory flexor tibiae motor neurons have axons in nerve 5 (Philips, 1980; Hale and 194 Burrows, 1985; Sasaki and Burrows, 1998) . A small flap was cut in the ventral thoracic 195 cuticle and Nerve 3 was cut to remove SETi and CI 1 motor innervation of the extensor tibiae 196 muscle. Nerve 5 was lifted onto a bipolar silver hook electrode and crushed proximal to the 197 electrode to block normal FETi and flexor tibiae motor innervation. Thus, the tibia could not 198 be actively moved by the animal. 199 A pair of minutien pin electrodes was inserted through the cuticle of the femur over the 200 4 th to 6 th proximal extensor tibiae muscle bundles. These EMG electrodes were used to 201 stimulate FETi directly in the leg. Preliminary experiments in 9 animals showed that this 202 stimulation reliably excited the fast extensor tibiae motor neuron without activating the slow 203 extensor tibiae or flexor tibiae motor neurons (Ache, 2010). The forces of tibial movements 204 elicited by extensor tibiae muscle stimulation could thus be measured. Stimulation was driven 205 by a pulse generator (Master 8, A.M.P.I., Jerusalem, Israel). The data were recorded and 206 analyzed using an analogue-to-digital converter (micro 1401 mk 2) and the software Spike 2 207 (both Cambridge Electronic Design, Cambridge, UK). 208
Flexor tibiae motor neuron stimulation. 209
To characterize the effects on tibial force production of activating different groups of 210 flexor tibiae motor neurons, and to determine how many different flexor tibiae motor neurons 211 could be stimulated, nerve 5 recordings were made together with force recordings while 212 different flexor tibiae muscle bundles were stimulated using EMG wires. Locusts were 213 prepared as described above for FETi stimulation experiments. The tibia was fully extended 214 before it was firmly attached to the force transducer. A bipolar silver hook electrode was used 215 to record from nerve 5 in the thorax, the signals amplified 1000x, and bandpass filtered 216 (500Hz -2kHz) using a custom built amplifier (University of Cambridge, UK). Signals were 217 captured at 10kHz in Spike 2. The position of flexor muscle stimulation was recorded by 218 reference to the closest extensor tibiae muscle bundles, which provide clear landmarks. 219
Stimuli were applied as single pulses, and the resultant maximal force amplitudes were used 220 to further quantify how many different motor neurons were activated at different stimulus sites and stimulus voltages. The amplitudes of all twitches that were elicited during a series of 222 20 single pulse stimulations at an interstimulus interval of 2s were measured as the difference 223 between the mean force in a 100ms window ending 1ms before stimulus onset and the peak 224 force recorded during the 100ms following the stimulus. The peak force was averaged over a 225 range from 2ms before to 2ms after the maximum. These data for the maximal force produced 226 at all stimulus amplitudes at every stimulus site were imported into Origin, and histograms 227 counting the number of twitches with different maximal force levels generated. The bin size 228 was 0.01 (in arbitrary units: absolute force values may differ between animals due to variation 229 in muscle lever arms or the point of attachment of the transducer to the tibia). The number of 230 peaks in the force-amplitude histogram was used as an estimate of the number of different 231 motor neurons stimulated at different sites in the flexor muscle. Finally, the complexity of the 232 compound antidromic potential recorded from nerve 5 during stimulation of flexor tibiae 233 motor neurons was analyzed. The nerve 5 recording was averaged over all trials at a given 234 stimulus voltage and position, using the stimulus artifact as a trigger. 235
Motion Capture 236
To study controlled tibial movements in a motion capture setup, locusts were fixed 237 ventral side up onto an experimental platform using modeling clay and dental glue (Protemp 238 II, 3M ESPE, Seefeld, Germany). All legs were fixed down onto the platform, except for the 239 right metathoracic leg. The femur of the right metathoracic leg was fixed with dental glue at 240 two points: the coxa, trochanter and femur were fixed to the thorax, and distally the femur 241 was fixed to the platform just proximal to the FT joint. Great care was taken to ensure that the 242 tibia could move freely in both directions. A flap was cut in the cuticle of the ventral 243 metathorax, and all the leg nerves cut to completely denervate the leg. The tracheae and air 244 supply were kept intact. The thoracic cavity was filled with saline solution (Usherwood and 245 Grundfest, 1965) and the flap was replaced to prevent evaporation. FETi spikes were elicited 246 in the extensor tibiae muscle using muscle stimulation as described above. The stimulator 247 driving these electrodes simultaneously triggered a light-emitting diode (LED) that was 248 visible in the camera's field of view, thus indicating the timing of the stimulation in the video 249 recordings of the resultant tibial movements. Animals could be stimulated over several hours 250 without detectable changes in the response. 251
Movements were recorded (Virtual Dub, version 1.8.8, by Avery Lee) at 100Hz temporal 252 resolution with a digital video camera (Basler A602fc -2, Basler AG, Ahrensburg, Germany) 253 mounted 45 cm above the animal. The image size was 656 x 490 pixels. Videos were retroreflective tape (3M ESPE) served as high-contrast markers for the motion capturing. One 257 marker on the proximal femur and one on the distal femur, directly at the FT joint, made it 258 possible to measure the mid line of the femur. A third marker was fixed on the distal tibia. 259
The line joining the second and the third marker gave the mid line of the tibia. The FT angle 260 could be measured with a temporal resolution of 10ms and an angular resolution of 261 approximately 0.7° (depending on leg size and the distance of the camera), as determined by 262 measuring the variability of repeated FT angle measurements made when a leg was in a fixed 263 position. FT angles measured directly from isolated limbs as described in the first paragraph 264 of the Methods section were larger than those measured using the motion capture system. 265
These differences may result in part from different patterns of prior muscle activity in the two 266 cases. In addition, because the marker on the distal femur used for motion capture did not lie 267 exactly on the FT joint pivot point, the motion capture system yielded resting angles that 268 could be up to 10° more extended than corresponding directly measured values. 269
The effect of isometric flexor tibiae muscle activation on subsequent isotonic extensions 270 driven by FETi spikes was analyzed in 5 animals. Flexor tibiae motor neurons and FETi were 271 stimulated using EMG electrodes as described above. Flexor tibiae stimulation was set to the 272 minimum voltage at which reliable twitches could be elicited (unless noted otherwise). The 273 flexor tibiae motor neurons were always stimulated prior to FETi. Three variables were 274 altered during the stimulation: the number of pulses used to stimulate flexor tibiae motor 275 neurons, the delay between the last flexor tibiae stimulus and FETi stimulation, and the 276 interval between 2 flexor tibiae stimuli. These variables were altered for 2 different stimulus 277 sites, one at the level of the 2 nd /3 rd extensor tibiae muscle bundle (proximal) and one at the 278 level of the 12 th /13 th extensor tibiae muscle bundle (distal). 279
Conventions and statistics 280
If not noted otherwise, N refers to the number of animals, and n to the number of trials. 281
The significance level for all statistical tests was set to α = 0.05. Values are given as the 282 mean ± standard deviation unless noted otherwise. The FT angle is always given as the 283 external angle, with a straight line extending beyond the femur defined as 0° (see inset to 284 Fig. 1 ). Wilcoxon signed rank tests were used for comparisons of the data presented in Fig.1  285 because the sample sizes were relatively small in some cases and some subsets of data were 286 not normally distributed. The effect of flexor tibiae motor neuron activity on subsequent Page 10 extension movements was analyzed using one way repeated measures ANOVA on the pooled 288 data of all animals for distal stimulation. If sphericity could not be assumed, Geisser corrected values are reported. For all comparisons, data were randomly sampled from 290 all animals tested at a given stimulus to yield a balanced design. T-tests were applied to 291 compare the effects of proximal and distal flexor tibiae motor neuron stimulation. Data 292 analyses were carried out using OriginPro (Version 8.50, OriginLab Corporation, 293 Northampton, Massachusetts, USA), Spike2 (Version 6, Cambridge Electronic Design, 294
Cambridge, UK), MATLAB (Version 7.9, Mathworks, Natick, USA), and custom written 295 software. All graphs were plotted in Origin and edited in Corel Draw Graphics Suite (Version 296 X4, Corel Corporation, Ottawa, Canada). 297
299
The resting angle of the femur-tibia joint in isolated hind legs 301
In the absence of motor activity, the femur-tibia (FT) joint of a locust hind leg assumes a 302 characteristic resting position near the mid-point of its range. Perturbations away from this 303 position are followed by passive return movements. The resting angle of the FT joint was 304 measured following either: (1) a brief full extension or (2) full flexion of the tibia in intact but 305 isolated legs, and following ablation of either the flexor tibiae or the extensor tibiae muscle 306 (six conditions in total). 307
In all 17 animals tested, the resting FT angles of intact isolated legs were close to 100° in 308 the absence of muscle activity ( Fig. 1A,B , black. See inset for angular measurement 309 convention). The FT angle following extension was 104.1 ± 7.2° (Mean ± SD), whereas that 310 following flexion was 112.8 ± 8.8°. This difference was highly significant (Wilcoxon signed 311 rank test, p < 0.001), as all legs were more flexed after flexion than they were after extension. 312
Ablation of the extensor tibiae tendon caused the tibia to flex further so that the mean resting 313 angle was 165.4 ± 5.7° after full extension and 168.6 ± 4.7° after full flexion ( Fig. 1A,B , 314 blue). The effects of extensor tibiae muscle ablation were statistically highly significant both 315 after full extension and full flexion (Wilcoxon signed rank test, n = 8 legs from N = 8 animals, 316 both p values < 0.001). In contrast to the large effect of extensor tibiae tendon ablation, 317 ablating the flexor tibiae tendon had no significant effect on the FT resting angle following 318 either extension or flexion ( Fig. 1A,B , red; Wilcoxon signed rank test, both p values > 0.1, 319 n = 9, N = 9). There were no significant differences between the resting angles of intact legs 320 of solitarious (n=20) and gregarious (n=13) locusts after either full flexion (gregarious: 110 ± 321 9.1° (Mean ± SD), solitarious: 114.6 ± 8.2°; p = 0.14, two sample t-test) or full extension 322 (gregarious: 102.8 ± 9.0°, solitarious: 104.9 ± 5.9°; p = 0.42, two sample t-test). 323
The resting angle of the femur-tibia joint in intact animals 324
In intact, behaving locusts tibial extensions and flexions are often driven by motor 325 activity. We therefore measured the effect of motor activity on the resting angle of the FT 326 joint. The fast extensor tibiae motor neuron (FETi) was selectively and reliably stimulated by 327 inserting electromyogram (EMG) electrodes through the cuticle into the 4 th to 6 th extensor 328 tibiae muscle bundles (see inset to Fig. 5 ). 329
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The resting angle of the femur-tibia joint depends on the history of fast extensor tibiae 331 motor neuron activation and tibial movement. The resting angle is defined by passive forces 332 of the flexor tibiae and extensor tibiae muscles as demonstrated in the preceding section; by 333 joint friction and possibly other joint forces; and by the presence or absence of an ongoing 334 myogenic rhythm (following section). Here we show that the resting FT angle is also 335 dependent on the pattern of prior activity in FETi. Starting positions were not imposed 336 manually during these experiments, but instead reflected the resting angle attained following a 337 previous movement. 338
The resting FT angle prior to an active movement elicited by controlled stimulation of 339 FETi ('start angle') predicted very reliably the resting angle measured 10 s after the end of 340 stimulation ('end angle'), regardless of stimulation protocol or animal (Fig. 2) . When FETi 341 was stimulated with a single pulse, the tibia extended actively and then returned passively to 342 within 2° of the starting position in 34 trials from 7 animals (Figs 2A, 3) . In 8 trials the tibia 343 returned to positions that were extended or flexed by more than 2° from the starting position. 344
This resulted in an offset of -0.07 ± 0.56° (median ± inter-quartile range [IQR], Fig. 3 ). 345
Stimulating FETi with five pulses at 7.5Hz caused a stronger active extension (not 346 shown) and led to an offset in the end angle ( Figs 2B, 3) . The offset was small (median = -347 1.07), but consistent (IQR = 0.54°) across the four animals tested. 17/19 trials fell between 0° 348 offset and -2.5° offset. 349
Stimulating FETi with 5 pulses at 20Hz led to a larger and very consistent offset in the 350 end angle relative to the start angle (-2.58 ± 0.75°; Figs 2C, 3). Even small differences in the 351 start angle between trials from a single animal were reflected in corresponding offsets in the 352 end angle (e.g., animals shown in blue, green and red in Fig. 2C ). Across all animals, the 353 offset varied by less than 0.5° between trials even though the start angle spanned 16°. in all other animals at least one trial had a more flexed start angle than the trial before. All of 361 this indicates that there was another effect, apart from the offset in end angle, which reduced 362 the long term history dependency and could lead to more flexed start angles during For statistical analysis, the maxima and minima of the three distributions shown in Fig. 3  365 were excluded as outliers (as they were likely influenced by myogenic contractions, as 366 described in the next section) and the 7.5Hz and 20Hz stimulation dataset was truncated by 367 randomly excluding trials until all three datasets contained n=17 trials. A one way repeated 368 measures ANOVA showed that the effect of the stimulus strength on the offset after FETi 369 stimulation was highly significant (p < 0.001). Tukey's test yielded p-values < 0.002 for the 370 cross-comparison of the three truncated distributions. The effect of stimulus strength on the 371 offset was still significant if the outliers (minima and maxima) were included (p < 0.001), but 372 this was only due to the differences between single pulse and 20Hz stimulation. The analysis 373 in which the outliers were excluded, however, showed that both the number of spikes elicited 374 in FETi and the frequency of the spike trains affected the offset of the FT angle after a 375 movement. 376
The motion capture experiments thus showed that the resting angle is shifted by activation 377 of the extensor tibiae muscle, and that the shift is highly predictable both within and across 378 animals. 379
380
An intrinsic myogenic rhythm of the extensor tibiae muscle can reset the resting state of 381 the femur-tibia joint. As shown in the preceding section, the resting state was not reset by 382
FETi activation. Nevertheless, consecutive trials did not start from progressively more 383 extended angles as might be expected from the consistent offset in end angle. 384
The completely denervated hind legs of all animals showed slow, rhythmic tibial 385 extension-flexion movements (Fig. 4) . These spontaneous myogenic movements generally 386 occurred at intervals of longer than 90s. They had an amplitude of 11.7 ± 1.5° (mean ± SD, 387 N = 3). When the tibia was extended by a myogenic contraction, it fell back to a position that 388 was not directly related to -and could be more flexed than -the initial position. Myogenic 389 movements that occurred between FETi stimulation trials could therefore reset the resting FT 390 angle. 391
Myogenic contractions that occurred during FETi stimulation trials (e.g., Fig. 4) probably 392 gave rise to the few outlying data points in Fig. 2 . The movement curve shown in red in Fig. 4  393 started from an angle which was 7° more extended than the other three movements shown, as 394
FETi was stimulated during the rising phase of a myogenic rhythm. Since the myogenic 395 rhythm ceased during the FETi driven movement, the tibia returned to a more flexed angle 396 than the one it started from. The start and the end angles therefore differ significantly in such movement curve shown in blue (Fig. 4) gives another example of how the start:end angle ratio 399 could be biased by the myogenic rhythm. Here, the myogenic rhythm started after the FETi 400 driven movement had ceased, which led to an end angle which was more extended than the 401 start angle. All outliers in Fig. 2 lie within the amplitude range of movements driven by the 402 myogenic rhythm. 403
The influence of flexor tibiae motor activity on subsequent extensions driven by FETi 404
In a behaving animal, the flexor and extensor tibiae muscles are usually activated 405 alternately. We therefore measured the effect of residual flexor tibiae muscle forces on 406 subsequent tibial extensions. 407 408 Differential stimulation of flexor tibiae motor neurons using EMG wires. To determine 409 whether flexor tibiae motor neurons could be stimulated selectively using EMG electrodes, 410 the flexor tibiae muscle was stimulated at different locations and with different stimulus 411 amplitudes. The antidromic motor spikes were recorded in nerve 5 along with the force 412 produced by the consequent tibial twitches. 413
Stimulating the flexor tibiae muscle reliably elicited single or compound motor spikes in 414
nerve 5 in all animals tested. The number and amplitude of the spikes depended on the 415 stimulus amplitude and the stimulus site ( Fig. 5) . 416
Single antidromic motor spikes were evoked at all stimulus sites at a voltage just above 417 the threshold to elicit visible twitches of the tibia (Fig. 5, 1 st row) . Increasing the stimulus 418 voltage recruited more motor neurons at all stimulus sites (Fig. 5 ).When the flexor tibiae 419 muscle was stimulated at the level of the 13 th extensor tibiae muscle block, a single flexor 420 tibiae motor neuron was activated at low voltages, a second one was recruited at higher 421 voltages, and a third one added at the highest voltages used (Fig. 5, left column, top to 422 bottom). There was low variability in the waveform of the antidromic spikes (Fig. 5, red error  423 curves). Motor neurons activated at higher stimulus amplitudes generally had longer delays 424 (slower conduction velocities) and lower spike amplitudes than those activated at lower 425 stimulus amplitudes. 426
Progressively stronger stimulation at more proximal sites in the flexor tibiae muscle ( Fig.  427 5, second and third columns) led to increasingly complex patterns of activity recorded in 428 nerve 5, presumably reflecting superposition of multiple antidromic spikes at the recording 429 site. At both proximal stimulation sites, some larger amplitude motor spikes with shorter 430 delays were recorded at the highest stimulus amplitudes, suggesting that large, fast conducting 431 neurons were being activated at a larger distance from the electrodes. 432 433 Sequential recruitment of flexor tibiae motor neurons can generate a wide range of 434 flexion forces. The selective stimulation of different flexor tibiae motor neurons demonstrated 435 in the previous section provided a means to measure the forces produced by particular subsets 436 of the motor neuron pool for this muscle. The forces differed in amplitude between motor 437 neurons, and the total peak force changed as a function of the motor neurons activated 438 ( Fig. 6) . 439
The peak forces of all twitches elicited by stimulation at each site were measured and 440 binned across all stimulus amplitudes (Fig. 6) . Each peak in the distribution represents the 441 forces generated by one distinct set of motor neurons (e.g., 1-4 in Fig. 6A ). The number and 442 distribution of these distinct peaks in each graph provides a minimal estimate of the number 443 of motor neurons innervating that region of the flexor tibiae muscle and describes the full 444 range of forces that their combined activity could generate. The patterns of the distributions 445 were remarkably similar in different animals (Fig. 6, compare A and B) . 446
Stimulation of the flexor tibiae muscle at different voltages at the level of the 1 st extensor 447 tibiae muscle bundle (see inset to Fig. 5 ) led to at least 4 different peak force values in one 448 animal ( Fig. 6A ) and at least 3 peaks in a second animal (Fig. 6B) . The maximal forces 449 generated by the proximal motor neurons were relatively small in both animals whereas 450 stimulation at medial or distal sites resulted in larger peak forces (compare peak forces for 451 segments 1-3 with those for segments 5-17 in Fig. 6A and B) . The distribution of peak forces 452 corresponded well with the number of motor neuron spikes evident in a simultaneous nerve 5 453 recording (4 spikes evident in the right column of Fig. 5 ). 454
Stimulating at the level of the 2 nd extensor tibiae muscle bundle in the animal shown in 455 Stimulation at the level of the 5 th and 6 th extensor tibiae muscle bundles generated 4 peaks 459 in both animals. The two patterns were similar in both animals, with one distinct peak at 460 medium force values, and a continuous distribution with three more peaks at higher force 461 values (a, b, c in Fig 6, 3 rd row) . Stimulating at the level of the 9 th extensor tibiae muscle 462 bundle in one animal elicited contractions of medium force. In the second animal, stimulation at the level of the 10 th extensor tibiae bundle elicited contractions with three distinct 464 amplitudes, one of which was the strongest observed. 465
Stimulation of more distal flexor motor neurons at the level of the 13 th extensor tibiae 466 muscle bundle generated peak forces of medium strength in both animals (Fig. 6 , 5 th row). 467 (This stimulus site was used for the flexor tibiae muscle stimulation in motion capture 468 experiments described in later sections). Stimulation of the flexor tibiae muscle at the level of 469 the 16 th or 17 th extensor bundle generated at least two peaks of force in both animals (a, b in 470 Fig. 6A ). 471
472
The flexor tibiae influence depends on the type of recruited muscle fibres and the strength 473 of flexor tibiae contraction. To characterize the influence of residual flexor tibiae muscle 474 forces on subsequent extension movements, different flexor tibiae motor neurons were 475 stimulated and the resulting effects on extensions driven by FETi studied in 5 animals. 476
477
The velocity and amplitude of FETi driven extensions decline with an increasing number 478 of preceding flexor tibiae motor spikes. Stimulating flexor tibiae motor neurons with even a 479 single pulse 10ms before FETi stimulation was sufficient to reduce the amplitude of the 480 subsequent extension movement and delay both its onset and peak (Fig. 7) . These effects 481 became more pronounced as the number of flexor spikes was increased (Fig. 7) . In contrast, 482 flexor stimulation had little effect on the passive return flexion that followed each extension 483 (arrowhead in Fig. 7) . 484
The effects on extension movements of prior stimulation of distal flexor tibiae motor 485 neurons were analyzed in detail in 4 animals. The effects of stimulating proximal motor 486 neurons were analyzed in one of these animals and in one further animal (Fig. 8) . 487
Single spikes in the distal flexor tibiae motor neurons reduced the amplitude of a 488 subsequent active extension movement by 5% and the peak velocity by 10% (Fig. 8A,B black 489 symbols). Additional spikes further reduced the amplitude by as much as 20% and the 490 velocity by 50% in all 3 animals. The reduction of the amplitude saturated at 6 spikes (Fig.  491 8A1) and the reduction in velocity saturated after 3 or 4 spikes (Fig. 8A2 ). The number of 492 spikes elicited in the distal flexor tibiae had a significant influence on the amplitude (F(7, 77) 493 = 192.33; p < 0.001) and velocity (F(2.91, 31.97) = 503.48; p < 0.001) of the extension 494 movement. 495
Stimulation of proximal flexor tibiae motor neurons had a similar but much weaker effect 496 on both amplitude (t = 31.70, p < 0.001) and velocity (t = 29.12, p < 0.001). (Comparison extension movements was reduced by up to 5% at the proximal stimulation site (saturating at 499 5 and 15 spikes, respectively, Fig. 8A1 ). Extension velocity also decreased consistently with 500 the number of spikes in both animals tested, saturating at 5 and 10 spikes, respectively ( Fig.  501 8A2, grey symbols). The peak velocity was reduced by 15% in one and by 9% in the other 502 animal (Fig. 8A2) . 503
504
The influence of residual flexor tibiae muscle force declines over time. FETi was 505 stimulated at different delays after flexor tibiae stimulation, and the velocity and amplitude of 506 the extension movements analyzed. When distal flexor tibiae motor neurons were stimulated 507 with single pulses, the amplitude of the subsequent extension movement driven by FETi 508 stimulation decreased by up to 7% if the delay was 1-2 ms (black symbols, Fig. 8B1 ). With 509 increasing delay, the amplitude of the extension movements increased and reached the control 510 value at delays of 50ms in two animals. In a third animal, control values were not reached 511 within the range of delays studied. Delays of 10ms had a larger effect than expected from a 512 steadily rising function (Fig. 8B) . Two of the curves show an inflection at 10ms, and the third 513 curve plateaus at 10ms. 514
The peak velocity curves followed a similar pattern (black symbols, Fig. 8B2 ). The 515 velocity was decreased by a maximum of 22.5% at the shortest delay of 1ms. The curves rose 516 steadily as the delay increased, except for an inflection at 10ms. At delays of 30ms or more, 517 the peak velocity was the same as, or even greater than control values (Fig. 8B2 ). The delay 518 between flexor tibiae motor neuron stimulation and FETi stimulation had a highly significant 519 effect on the extension movement amplitude (F(2.16, 17.30) = 22.68, p < 0.001) and velocity 520 (F(5,40) = 18.81, p < 0.001). 521
Single pulse stimulation of proximal flexor tibiae motor neurons had very little effect on 522 subsequent extension movements (Fig. 8B , grey symbols in both graphs). Proximal and distal 523 flexor tibiae stimulation had significantly different effects on both the amplitude (t = 5.69, p < 524 0.001) and the velocity (t = 5.48, p < 0.001) of the movement, determined at a delay of 5ms. 525 n(distal) = 9; n(proximal) = 6. The amplitude of the extension movements decreased by 1.5% 526 at 2 ms and 3 ms delay, but was close to the control value for larger delays. There was no 527 marked effect on the peak velocity of the movement at any delay (Fig. 8B2, grey symbols) . 528
The extension amplitude was least impaired at a delay of 10ms. The mean peak velocity of an 529 extension was 4% larger following proximal flexor tibiae motor neuron stimulation than 530 during control trials at 10ms delay (Fig. 8B2, grey symbols) .
10ms. Flexor tibiae motor neurons were stimulated with two spikes at varying intervals and 534 the impact on subsequent active extension movements analyzed in 4 animals ( Fig. 8C) . At the 535 shortest interval of 2ms (500Hz frequency), stimulation of distal motor neurons decreased the 536 amplitude of a subsequent active extension by 2 -5% (Fig. 8C1, black symbols) and 537 decreased the velocity by 5 -15% (Fig. 8C2, black symbols) . These intervals are likely to fall 538 within the partial refractory period of the flexor motor neurons. As the flexor stimulation 539 interval increased towards 10ms, subsequent extension movements became slower and 540 smaller in amplitude. At a stimulation interval of 10ms the amplitude was reduced by 8.5 -541 11%, and the peak velocity was decreased by 26 -32%. At intervals longer than 10ms the 542 extensions became faster and reached higher amplitudes again. At intervals of 50ms, 543 movement amplitudes were still decreased by at least 5% and velocities by 10%. This 544 corresponds to the effect of single flexor tibiae spikes shown in Fig. 8A . The flexor motor 545 neuron interspike interval had a significant influence on the extension movement amplitude 546 (F(6,66) = 17.48, p < 0.001) and velocity (F(6,66) = 8.54, p < 0.001)). 547
Stimulation of proximal flexor tibiae motor neurons (Fig. 8C, grey symbols) had only a 548 small effect on the amplitude of subsequent extension movements driven by FETi stimulation 549 ( Fig. 8C1) and a negligible effect on the velocity (Fig. 8C2) , regardless of the inter-stimulus 550 interval. The differences between proximal and distal flexor tibiae motor neuron stimulation 551 were highly significant at an interval of 10ms (amplitude: t = 12.82, p < 0.001; velocity: t = 552 6.43, p < 0.001; n(distal) = 12, n(proximal) = 7). The amplitude decreased by at most 1.5% at 553 stimulus intervals of 7 -20ms. 554
555

DISCUSSION 556
The femur-tibia joint has a history-dependent resting state which is dominated by the extensor 557 tibiae muscle 558
In the absence of motor activity and external loading, the locust hind leg femur-tibia (FT) 559 joint assumes a history-dependent resting state, rather than a particular resting angle. This is 560 in marked contrast to the larger and heavier limbs of many vertebrates, which come to rest in Fig. 2) indicates that the resting angles of stick insect legs are, like those of the 569 locust hind leg, subject to the influence of prior passive extensions or flexions. In stick 570 insects, passive forces originating in structures other than the extensor and flexor tibiae 571 muscles make a larger contribution to passive extensions than to passive flexions (Hooper et 572 al. 2009 ). Some of the variability in our data might be due to varying holding times at the 573 fully extended and fully flexed angles, which were not controlled for as the movements were 574 imposed manually. 575
In locusts the resting state was also shifted by prior active extension movements driven by 576 activity of the fast extensor tibiae motor neuron (FETi). Individual FETi spikes (at < 0.02 577 spikes/s) did not influence the resting angle, but increases in FETi spike frequency and thus 578 extensor tibiae muscle force caused progressively larger shifts in resting position. These shifts 579 were highly consistent both within and across animals, indicating that there is low variability 580 of the relative forces in the FT joint. The resting state was determined before onset of the 581 movement, and it was not reset by stimulating FETi and eliciting fast extensions of the tibia. 582 A resetting mechanism would uncouple the resting angles before and after movement. 583
The strength of FETi activation had a significant effect on the shift in resting angle, with 584 both larger numbers of spikes and higher spike-frequencies leading to larger offsets. If these 585 parameters are varied, several parameters of the extension movements change (Ache and 586
Matheson, in preparation). Briefly, the variability in movements driven by the same stimulus 587 in the same individual was small. A larger number of spikes led to a larger amplitude of movement. In our case, single FETi spikes generated movements of ~30° amplitude whereas 589 five FETi spikes led to full extension of the tibia, with an amplitude of ~60° (both amplitudes 590 depended on the start angle). The difference in offset between single-and five-pulse 591 stimulation could thus be due to a difference in extension amplitude, which could lead to 592 stronger passive stretch of the flexor tibiae muscle. However, both five-pulse stimulation 593 protocols led to a full extension of the tibia, but the offset was larger after 20Hz stimulation. 594 20Hz stimulation elicited a smooth, full extension of the tibia which was then held fully 595 extended for up to 500ms, whereas the 7.5Hz stimulation generated a series of five extension 596 twitches with only the last twitch reaching full extension. The total amplitudes of the 597 movements were therefore similar between the two five-pulse stimulation protocols. 598
However, the total duration of movement was longer during 7.5Hz stimulation, but the time 599 held at full extension was longer during 20Hz stimulation. It therefore seems likely that the 600 total amplitude, and the duration the tibia is held fully extended are important factors 601 determining the offset in resting angle, whereas the overall duration of extension movements 602 below full extension seems to play a minor role. 603
The shift in FT resting angle caused by FETi activation could have two sources. First, 604 extensor tibiae muscle fibers innervated by FETi produce residual forces that outlast the FETi 605 activation. Under isometric conditions such fibers have relaxation times of 120ms following 606 single pulse stimulation of FETi, while tonic extensor tibiae muscle fibers innervated by the 607 slow extensor tibiae motor neuron (SETi) have relaxation times of up to 3s (Cochrane et al. 608 1972) . In our experiments, however, the extensor tibiae muscle shortened isotonically during 609
FETi activation, and the flexor tibiae muscle was stretched as the tibia extended. These 610 changes in muscle length could provide a second mechanism leading to a shift in the resting 611 angle. For example, passive stretch of the extensor tibiae muscle in the locust can lead to 612 changes in passive forces for the next 100s (Clare et al. 2009 ). We did not distinguish 613 between the effects of passive stretch and residual extensor tibiae muscle force since active 614 movements always had both components. 615
FETi activation led to highly consistent extension biases in the resting state, and yet 616 sequential activations did not result in a strong, longer term gradual shift to progressively 617 more extended resting angles. The long term shift that was observed was small compared to 618 the short term effect. Therefore, an additional mechanism has to be present, preventing the 619 resting angle from shifting to extreme angles, by resetting it to more flexed angles between 620 active extensions. The 'resetting' of the resting state required to avoid such cumulative effects over timescales of tens of seconds is achieved, at least in part, by an intrinsic myogenic 622 rhythm of particular extensor tibiae muscle fibers. 623
A myogenic rhythm resets the resting state. 624
Slow tibial extensions were observed in denervated hind legs, and occasionally in isolated 625 hind legs, in the absence of motor neuron activity. These extensions were followed by slightly 626 faster flexions. Such extension movements are driven by myogenic contractions of a 627 specialized bundle of muscle fibers in the extensor tibiae muscle (Voskresenskaya, 1959; 628 Hoyle and O'Shea, 1974; Evans and O'Shea, 1978, Burns and Usherwood, 1978) . The return 629 flexions are passive. Since myogenic contractions that occurred between measurement trials 630 seem to reset the resting state, it is possible that the resting state is dominated primarily by 631 maintained forces in only those extensor tibiae muscle fibers of the proximal bundles that 632
show myogenic activity (Hoyle and O'Shea, 1974; Evans and O'Shea, 1978) . Stretch of the 633 extensor or flexor tibiae muscles, or activation of FETi may simply add or subtract a constant 634 force to these forces determining the resting state, rather than modulating them directly. Only 635 a new myogenic contraction would provide the necessary 'reset'. In our experiments, FETi 636 stimulation sometimes paced the frequency of the myogenic rhythm, and in in situ 637 preparations (Burns and Usherwood, 1978) , motor neuronal inputs to the myogenic fibres 638 influenced the amplitude, time course and frequency of their myogenic depolarisations. Such 639 influences could tune the resting properties of the FT joint to patterns of extensor tibiae 640 muscle contraction, such that FT movements are likely to start from a narrow resting range, 641 rather than an extended position reached after strong FETi activation. This would reduce the 642 variability in the FETi spike to movement transfer by keeping the variability in start angle 643 small. 644
The myogenic rhythm was responsible for the outlying data points in the analysis of the 645 history dependency of the resting state (Fig. 2) . For example, the starting FT angles of 646 approximately 77° for the three leftmost data points in Fig. 2A (red symbols) were imposed 647 by myogenic contractions of approximately 10° in this animal (cf. two unaffected trials with 648 starting angles of approximately 84° in the same animal; red symbols in Fig. 2A ). Trials in 649 which the end angle was more extended than the start angle can be explained by myogenic 650 contractions that started while the tibia was being actively extended by FETi activity. 651
Selective stimulation of flexor tibiae motor neurons 652 control of tibial movements we selectively stimulated single motor neurons or sets of motor 655 neurons in a controlled way (Fig. 5) . By adjusting the stimulation strength, we reliably elicited 656 spikes in a single distal flexor tibiae motor neuron (Fig. 5 ), suggesting that the same motor 657 neuron was activated in all animals. Having demonstrated that our distal stimulation reliably 658 activated a single motor neuron, we went on to use this technique to characterise the effects of 659 the contractions generated by this specific motor neuron on subsequent FETi-driven 660 extensions. These data are shown in Figs. 6, 7 and discussed in The role of the flexor tibiae 661 muscle during active extensions below. 662
We also searched for differences in the roles of flexor tibiae motor neurons innervating 663 different regions of the muscle. Stimulation of proximal motor neurons generated flexion 664 forces that were approximately half as strong as the forces generated by stimulation of distal 665 motor neurons but, more importantly, the effects on subsequent extensions were very much 666 smaller. For example, a train of five spikes in the single distal motor neuron caused a 20% 667 reduction in the amplitude and a 50% reduction in the velocity of subsequent active 668 extensions, but five spikes in proximal motor neurons caused no more than a 5% reduction in 669 either amplitude or velocity of subsequent tibial extensions, even when we activated 4-5 670 flexor motor neurons together at higher stimulation levels (Fig. 8) . 671
Activity in different combinations of flexor tibiae motor neurons generated a wide range 672 of different peak forces as expected (Fig. 6 ), but the number of distinct peaks in force was not 673 always equal to the number of motor neurons stimulated (compare Figs 5, 6) . Broader peaks 674 presumably resulted from the summation of forces generated by simultaneous spikes in two or 675 more motor neurons. A second possibility is that our stimulation activated the common 676 inhibitory motor neurons CI 2 and CI 3 that innervate flexor tibiae muscle fibers, leading to 677 additional spikes in the nerve 5 recording. CI 2 and CI 3 axons are small (Hale and Burrows, 678 1985) and therefore have high thresholds for extracellular stimulation, so this could only have 679 occurred at the highest stimulation strengths. During walking, CI 2 and CI 3 exert their effects 680 on the flexor muscle by firing at over 48 spikes/s (Wolf, 1990) . In our experiments, even if 681 CI 2 and CI 3 were stimulated alongside flexor tibiae motor neurons at the highest stimulation 682 levels, they would not have exerted marked effects on the subsequent FETi-driven extension 683 movements that we analysed because our stimulation elicited at most only single spikes at low 684 frequency.
scratching in locusts, the extensor and flexor tibiae muscles generally exhibit reciprocal 688 patterns of activity (Burns and Usherwood, 1979; Page et al. 2008) . We therefore examined 689 the effects of residual flexor tibiae muscle forces on subsequent active extension movements. 690
The history of flexor tibiae activation had a direct and graded effect on subsequent extension 691 of the tibia. The velocity of extension movements was reduced more markedly than the 692 amplitude; and activation of different flexor tibiae motor neurons led to markedly different 693 effects on subsequent extension movements, thus providing a mechanism for fine control over 694 joint stiffness. 695
Activation of distal flexor tibiae motor neurons had relatively large effects on subsequent 696 active tibial extensions, whereas activation of proximal flexor tibiae motor neurons had 697 relatively small effects, even if they were stimulated strongly. This suggests that the residual 698 force produced by proximal flexor tibiae muscle bundles was much smaller than that 699 produced by more distal bundles. This is consistent with the observation that proximal flexor 700 tibiae muscle fibers are predominantly phasic, i.e., they contract and relax rapidly, whereas 701 distal fibers are more tonic so they contract and relax more slowly (Philips, 1981) . Such 702 regional differentiation is not uncommon: proximal fibers of the extensor tibiae muscle of 703 both locust and stick insect hind legs are predominantly innervated by FETi whereas distal 704 fibers are predominantly innervated by SETi (Burns and Usherwood, 1979; Bässler and 705 Storrer, 1980; Bässler et al. 1996). 706 The extent to which flexor tibiae contractions affected subsequent active tibial extensions 707 depended on three additional parameters: the number of flexor tibiae motor spikes (Fig. 8A) , 708 the delay between flexor tibiae and extensor tibiae muscle activation (Fig. 8B) , and the spike 709 frequency (Fig. 8C) . Tibial extensions were considerably slower, and had smaller amplitudes, 710
if FETi fired within 30ms of preceding activity in distal flexor tibiae motor neurons. 711 Some muscle fibres of both the extensor and flexor tibiae muscles, particularly those 712 innervated by tonically firing slow motor neurons, are also innervated by common inhibitory 713 motor neurons (Usherwood and Grundfest, 1965; Hale and Burrows, 1985) . Activity in the 714 inhibitors often accompanies activity in the excitatory motor neurons to the same muscle, and 715 through both pre-and post-synaptic mechanisms can reduce or prevent the activation of the 716 fibres that they innervate (Rathmayer and Erxleben, 1983) . Moreover, the subsequent 717 relaxation rate can be enhanced (Pearson, 1973) so that residual tension in the fibres activity, so our data pertain to the non-inhibited state of the extensor and flexor muscles. In 721 behaving locusts, the actions of the common inhibitory motor neurons would add another 722 variable layer of complexity to the interactions we describe. In locusts, CI 2 and CI 3 innervate 723 the flexor tibiae muscle, but their specific actions on it have not been described. 724 Webb (2004) has suggested that insects use forward models to control their movements; 725 i.e., that they use information about the current state of the limb to predict the sensory 726 consequences of a movement, and that this prediction in turn modulates the activity of sensory 727 neurons that are activated when the movement occurs. Since the velocity and amplitude of 728 tibial extension movements were affected by prior flexor tibiae muscle activity, it would not 729 be sufficient for the nervous system to measure the FT angle and to then generate a motor 730 pattern to bring the tibia to a certain position. The activation history of the flexor tibiae 731 muscle would also need to be taken into account since it has a strong and long lasting 732 influence on the spike-movement transfer of FETi. But even this information would be 733 insufficient for forward control, since the effect of different flexor tibiae motor neurons on 734 subsequent extensions differed markedly. Thus, exact information about which motor neurons 735 were activated in the flexor tibiae would be needed to generate a precisely targeted 736 movement. If locusts use precise forward models to plan leg movements then it seems likely 737 that the models must take into account the history of activity in a number of motor neurons 738 over periods of tens of milliseconds. 739 740 Why does the flexor tibiae muscle have a more complex innervation than the extensor 741 tibiae muscle? 742
The simple innervation of the extensor tibiae muscle is conserved between different pairs 743 of locust legs (Wilson, 1979) and across different Orthopteran families (e.g., 744
Diapheromeridae: Godden, 1972; Acrididae, Tettigoniidae: Theophilidis, 1983 ). The flexor 745 tibiae muscle innervation, in contrast, differs between the leg pairs of the locust, and across 746 different species. The mesothoracic flexor tibiae muscle of the locust is innervated by 12 747 excitatory motor neurons (Theophilidis and Burns, 1983) , in contrast to the 9 found in the 748 metathoracic leg. The mesothoracic flexor tibiae muscle of the stick insect is innervated by up 749 to 25 excitatory motor neurons (Debrodt and Bässler, 1989; Goldammer et al. 2011) , and that 750 of the metathoracic leg of the cricket is innervated by 19-21 different excitatory motor 751 neurons (Nishino, 2003) . The complexity of the flexor innervation arising from innervation by and Pflüger, 1995; Bässler and Stein, 1996; Nishino, 2003; Page et al. 2008) . In kicking and 756 jumping of locusts, however, many or perhaps all flexor motor neurons show similar patterns 757 of activity (Burrows, 1995) . All of this suggests that flexor tibiae muscle innervation is 758 subject to adaptation for specializations of legs and different behaviours across species. The 759 marked difference in the size of the extensor and flexor tibiae motor pools may reflect 760 developmental and evolutionary differences between the muscles. The flexor muscle develops 761 from more muscle pioneer cells than does the extensor, suggesting that it may have its 762 evolutionary origins in several separate muscles, with a consequent oversupply of motor 763 neurons (Ball and Goodman, 1985a,b; Sasaki and Burrows, 1998) . 764
We have demonstrated that activation of proximal flexor tibiae muscle fibers has a 765 smaller effect on subsequent extensions than does activation of distal fibres. In behaviours 766 such as walking or scratching that might require more subtle control of extension movements 767 than can be provided by the extensor tibia muscle's simple innervation, the differential 768 recruitment of flexor tibiae fibres with different properties could be used to modulate the 769 spike to movement transfer of FETi and SETi, and thus shape extensions as well as flexions. 770
In other words, the flexor tibiae muscle could regulate tibial extensions by acting as a variable 771 damper. Co-activation of extensor and flexor tibiae motor neurons can occur during walking 772 (Burns and Usherwood 1978, Duch and Pflüger, 1995) and grooming of the ear (Berkowitz 773 and Laurent, 1996) in locusts, and during walking in cockroaches (Krauthamer and Fourtner, 774 1978; Larsen et al. 1995) , but it rarely occurs during wing scratching in the locust (Page et al. 775 2008) . In the slowly walking stick insect Cuniculina impigra there is often a distinct gap 776 between alternating extensor and flexor tibiae motor bursts (Fischer et al. 2001) . Even in the 777 latter two cases, however, the slow relaxation of force following muscle activation 778 (Guschlbauer et al. 2007; Clare et al. 2009 ) means that there is likely to be considerable co-779 contraction of the antagonistic muscles (Zakotnik et al. 2006) . 780
Co-contraction increases FT joint stiffness which is important for load compensation 781 during scratching in the locust (Zaktonik et al. 2006 ) and running in the cockroach (Dickinson 782 et al. 2000) . All of this adds to the mounting evidence (e.g., Dickinson et al. 2000; Ahn and 783 Full, 2002) that muscles need to be considered not only as motors generating movements, but 784 also as brakes. activity in solitarious and gregarious locusts. An energy efficient way to support this 802 behavioural difference could be to shift the resting state of the joint to more flexed angles. We 803
show that this does not occur: the resting properties were similar in solitarious and gregarious 804 animals. 805
We furthermore compared the FETi spike to movement transfer of solitarious and 806 gregarious locusts and found no obvious differences. The metathoracic FETi drives fast, large 807 amplitude movements during kicking and jumping (Burrows, 1996; Burrows and Morris, 808 2003) and can be recruited during scratching (Page et al. 2008) . These behaviours are all 809 likely to be conspicuous to predators and are suppressed in solitarious locusts (Simpson et al. 810 1999) . A reduction in the spike-to-movement transfer of FETi would impair the animal's 811 ability to carry out critical escape jumping and kicking, which may be very disadvantageous. 812
Instead, it seems likely that the reduced occurrence of walking, jumping and scratching in 813 solitarious locusts is achieved by central modulation of excitability in the pathways 814 controlling these behaviours, leaving the peripheral consequences of FETi spikes unchanged. 815
We have shown that the resting state of the FT joint varies over time. Moreover, the 816 spike-to-movement transfer function depends on joint angle (Ache and Matheson, in 817 preparation), so generation of accurate movements must rely on proprioceptive signals that 818 encode the current joint state. Artificial modification of signals from the femoro-tibial 819 chordotonal organ systematically biases aimed scratching movements (Page and Matheson, Page 27 2009), indicating that this limb joint proprioceptor contributes to such feedback. Our data 821 indicate that, in addition to this, the history of antagonistic muscle activation needs to be taken 822 into account when movements are being generated. 823
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